This paper will describe and simulate the dynamic response of an innovative suspension system for vehicle seat. In which, the isolated object is supported by a wedge mechanism which comprises a horizontal spring, a roller and a wedge. Besides, the dynamic stiffness of system is corrected by an auxiliary mechanism (AM) including a roller (follower) which always contacts the circular surface of the cam via another horizontal spring. Hence, this seat suspension prototype not only broad the excitation frequency region but also remains the load bearing capacity and is named by "model with AM". The dynamic stiffness-configurative parameter relationship is presented. Then, a virtual mechanical prototyping model of the system is created by using SOLIDWORKS software. Next, by applying dynamic analysis in COSMOSMotion module of the Solidworks product family, the real behaviour of system is tested and evaluated without using the traditional build-and-test method. With this way, it can increase the quality of product by reducing manufacturing cost and error. The simulation results show that the model with AM outperforms the linear counterpart. Besides, these results furnish a useful insight for the design and manufacture of the seat suspension system for vehicle.
Introduction
As known, one of main causes that which induce many damages of machinery, equipment is undesirable vibrations. Particularly, vibrations that occur in low frequency regions (<5Hz) are almost harmful and dangerous to human health and activity researched by (Paddan, 2002) . Thus, suspensions are widely used to lengthen the service life of the machinery, equipment as well as to provide more comfortable and safe condition for human in vehicle. Commonly, a linear system (conventional system), which is widely used for isolating unwanted vibrations, consists of a linear stiffness spring, K, in parallel to a damper, C in (Thorby, 2008) and (Graham Kelly, 2002) . The performance of vibration isolation can be only effective when the excitation frequency is greater than 2 times the natural frequency of the system. This limitation confines a conventional system to attenuate vibration in low frequency band. One of strategies for extending isolation ability to low frequency domain is to reduce the stiffness of the system. However, a reduction in stiffness results in a low load bearing capacity and an excessive static deformation of the system. This could cause many difficulties for designing a traditional system. Currently, there are many researchers, engineers and scholars who have suggested solutions to reduce the resonance frequency such as a highly deformed elastic structure working as a nonlinear spring is used to support a static load as presented by (Chnin et al., 2005) , , (Virgin et al., 2003) and (Winterflood et al., 2002) or another structure that is also based on the elastic model with extreme geometric nonlinearity is studied by (Santillan et al., 2005) and . The purpose of elastic structures is to reduce the resonance frequency. However, these structures easily lose stability when the stiffness of the elastic elements is low.
In order to overcome the dichotomy between load bearing capacity and reduction in stiffness, in recent years, quasi-zero stiffness (QZS) vibration isolation systems have been studied and developed by (Carrella et al, 2007 (Carrella et al, , 2008 (Carrella et al, and 2012 , (Hao et al., 2015) and (Kovacic et al, 2008) . These systems are also referred to as high-static low-dynamic stiffness (HSLD) vibration isolation systems. Due to the negative and positive elements connected in parallel, the HSLD obtains the low dynamic stiffness around the static equilibrium position but still remains the load bearing capacity. Hence, this isolation way is available to achieve a low isolation frequency band. Currently, the QZS vibration isolation systems have been studied in great depth and widely applied in many fields such as the suspensions of the ground vehicle and seat, nanotech and the space shuttle. A spring with negative stiffness is designed by (Lee et al., 2007) to improve vehicle driver vibration isolation seat in low excitation frequency region. This design presents an approach, based on the consistent theory of thin shells, for designing compact springs in terms of their compatibility with the room available for packaging the vehicle suspensions and simultaneous extension of the height control region where fundamental frequencies are kept minimal. In addition, some active isolation systems have been also studied and applied in practice. Such as, Nakamura, 2013 studied and developed the Smith predictor to improve the isolation performance of the pneumatic active anti-vibration system or Shirani et al, 2013 designed the flow disturbance compensation based on the off-line estimated signal for a pneumatic isolation table.
Drawn by the QZS isolation approach, we will propose a seat suspension system for vehicle drive. For simplicity, the weight, elasticity and stiffness of the seat cushion and the damping of the components inside of a human body such as the spine, are all ignored. This paper only focuses the dynamic simulation of the seat isolation system when the system achieves the desirable static equilibrium position. In this system, an auxiliary mechanism is used to correct the dynamic stiffness of seat suspension model. In addition, the isolated object is supported by another part called the load bearing mechanism (LBM). To ensure the actual performance of the system, the virtual prototyping technology via SOLIDWORKS software is employed to simulate the dynamic behaviour of the proposed model. This paper is organized as follows. Seat suspension model is described in section 2. Next, the dynamic stiffness of the system is analyzed in section 3. The virtual model is created in section 4. The simulation results are presented in section 5. Finally, some conclusions are drawn in section 6. The scissor-like structured seat suspension system with wedge-cam-roller-spring mechanism is designed as shown in Fig. 1 . The wedge-cam-roller-spring mechanism consists of a wedge, a semi-circular cam, two rollers (3 and 11) and two springs (6 and 13). The wedge and semi-circular cam are integrated into a part (15) named the wedge-cam. The proposed system is divided into two main portions. The left portion denoted by the green dashed-line box is the load bearing mechanism (LBM) which consists of a horizontal spring (6), a roller (3) and a wedge-cam (15). When the suspension is loaded, the wedge-cam which is fixed the bottom of seat frame (9) compresses the horizontal spring (6) through roller 3 (13) is always compressed to remain the contact between the circular surface of the wedge-cam (15) and follower (11). The seat is only moved in vertical direction via the roller (7) and guide (8). The position at which the isolated object is only supported by the compressible spring 6 is called the desirable static equilibrium position as displayed by red dashed line. Due to the opposite between the LBM having positive stiffness and the AM acting as negative stiffness element, the seat suspension system can achieve the low resonance frequency and peak but still remains the load bearing capacity. By this way, the proposed system can remove major disadvantages of traditional isolation seats.
Seat suspension system

Dynamic stiffness of the system
In order to analyze to isolation effectiveness of the designed system, the relationship between the dynamic stiffness and configurative parameters of the system is studied and discussed. Considering the isolated object (m) is displaced downward an amount, y, from the initial position O 1 to O' 1 . The results is that the left roller is displaced from the initial position O 2 to O' 2 and the right roller is moved from the initial position O 3 to O' 3 . Here, the black dashed line denoted the initial position of the seat suspension system at which the two springs are unloaded. The displacement relation between two rollers and the wedge-cam is presented in Fig. 2 . 
where,
is the static deformation of the system in vertical direction as shown in Fig. 2 . K 1 is the stiffness of the left spring, m is the weight of the isolated object and  is the inclined angle of the wedge-cam.
If letting u=H o -y, the Eq.(1) is rewritten as following:
The force of the LBM (F LBM ) and the AM (F AM ) acting on the wedge-cam in the vertical direction are determined by Eq.(4-5):
where K 2 is the stiffness of the right spring. The angle of β is determined by Eq.(6).
From Eq. (2-6), the vertical restoring force -displacement relationship is expressed as following:
The dynamic stiffness of the system can be obtained by differentiating the Eq. (7) with respective displacement u as following:
It is convenient for introducing non-dimensional form:
; ;
By lettingˆˆR r    , Eq. (7) is rewritten as following:
The dynamic stiffness at the static equilibrium position ˆS EP K is determined by Eq. (11).
In addition, according to geometric relation as shown in Fig. 2 , the distance H o is also expressed as following:
where the parameter of a is the horizontal distance from the wall to the center O 1 as shown in Fig.2 , the Eq. (11) is rewritten as following:
Figure. In addition the dynamic stiffness characteristic of the system also depends on the displacement of the isolated object as plotted in Fig. 4 , here the parameter is the same as in Fig. 3 . The stiffness curve is a concave parabola and the stiffness of the system is increased when the isolated mass moves away from the static equilibrium position.
Le and Nguyen, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.11, No.5 (2017) Furthermore, it can be observed from Fig. 4(a) that when the value of  is 37 o , the opposite of the increasing the dynamic stiffness( ) SEP K , the slope of the stiffness curve is reduced according to growing the spring ratio α. On the other hand, if the spring ratio α is kept at the value of 1.037, the dynamic stiffness at the static equilibrium position and the slope of the stiffness curve are increased if the inclined angle  of the wedge-cam is increased as shown in Fig.   4 (b). (14) it can be seen that there is a unique relationship between the parameters such that the dynamic stiffness at the static equilibrium position is quasi-zero. As can be seen from Fig. 5(a) that the inclined angle  of the wedge-cam is increased according to the increase of parameter or the spring ratio α. Especially, when the value of  is around the value of one, the value of the inclined angle  is reduced closer to zero degree. In this case, the load bearing capacity of the proposed model is bad. Hence, in order to ensure, the parameter must be larger than one.
In addition, the slope of the dynamic stiffness curve that which is expressed by the distance d on which the dimensionless dynamic stiffness is always smaller than one is described in Eq. (15). By combinating Eq. (14) and (15) the relationship between the configurative parameters and the distance d is given by condition. (16). It can be observed that the distance d is increased according to the increase of the parameter as shown in Fig. 5(b) . Conversely, the value of d will be reduced when there is an increase in the spring ratio α. This is also confirmed by numerical solutions of Eq. (10) as shown in Fig. 6 . Fig. 7 shows virtual prototyping model of the seat suspension system created by using the SOLIDWORKS software. This model includes the components which have the shape and dimension of the physical model and it contains information about the mass and inertia properties of these components. Besides, the geometric constrains showing the characteristic of the seat suspension system is employed to build the virtual model. Then, by applying dynamic analysis in the COSMOSMotion module of the Solidworks product family, the virtual model of seat suspension system is tested and evaluated the real behaviour through harmonic excitations form the base. The parameter values used in the simulation are listed in table 1. For these parameters, the system achieves the desirable static equilibrium position. 
Virtual modeling of the seat suspension system
Simulation results
Comparison of isolation performance between the proposed and traditional model
In this section, the sinusoidal excitations with the amplitude of 10mm and frequency changing from 0.5 to 5Hz are employed to assess the isolation effectiveness of the proposed system. The parameters of the system are set as following: the spring ratio α=1.7 and ˆ1 .37   . For which, the dimensionless dynamic stiffness of the proposed model at the static equilibrium position achieves the value of 0.1. The frequency performance of the proposed model compared with that of the traditional system in which the AM is not considered (called model without AM) is shown in Fig. 8 . Here, the blue solid line denotes the response of the seat suspension system using the AM, the red dashed line portraits for the model without AM. It can be seen that, the model with AM can isolate for larger excitation frequencies than 0.5Hz, whiles, the system without AM occurs resonant phenomenon around 2Hz and only offers isolation effectiveness when the frequency is bigger than 3Hz. Furthermore, the vibration attenuation of the traditional system is lower than the proposed system. (b) model without AM. In addition, the phase orbits of the system are also plotted in Fig. 9 which is a two-dimensional plot of displacement and velocity of the isolated object. In this case, the excitation amplitude = 10mm and frequency=1.5; 2.0; 2.5 and 3.0Hz are used. It can be observed that the behavior of the proposed and traditional model is to form a circular trajectory for each excitation frequency. This steady state response is like harmonic motion. The size of ellipse is related to the excitation frequency. As the frequency is increased from 1.5 to 3Hz, with the proposed model, the size of ellipse is shrunk. This means that the velocity and displacement of the isolated mass are reduced. This result also confirmed that the proposed system offers a good ability for preventing the transmissibility of energy from the base to the mass under the low frequency excitations. Oppositely, with model without AM, the size of the ellipse is increased as the excitation frequency increases from 1.5 to 2.5Hz.
Effect of K SEP on dynamic behavior
In this case, the dynamic stiffness at the static equilibrium position is changed by adjusting the spring ratio α. Le and Nguyen, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.11, No.5 (2017) periodic and the size of the phase orbit is extend as the value of K SEP is increased. ) . Besides, the benefit of low dynamic stiffness value at the equilibrium position is also expressed in Fig. 11 . When the K SEP is reduced, the acceleration response of the proposed model is also reduced. This is one of important merits of the proposed system to improve ride comfort for driver and passengers. 
Effect of slope of the dynamic stiffness curve on the isolation response
In order to realize this work, the parameters of model with AM are considered in two cases as following: first case: . The dynamic simulation of the system is shown in Fig. 12(a) . The both of two cases, the amplitude and frequency of excitation are 55mm and 2.14Hz, respectively. It is observed that although ˆ0 SEP K  but the isolation effectiveness is different. The second case offers better isolation effectiveness than the first case. This confirmed by the phase orbit as shown in Fig. 12(b) . 
Conclusion
An innovative seat suspension system for vehicle has been introduced and analyzed. The dichotomy between low stiffness and load bearing capacity had been overcame. The relationship between the parameters of model and the dynamic stiffness had been investigated. By virtual simulation technology, the isolation effectiveness and effects of the dynamic stiffness at the static equilibrium position and the slope of the stiffness curve on dynamic response of the system has been analyzed. Besides, a comparison of the isolation performance between the model with AM and model without AM was realized. The simulation results shown that the innovative seat suspension system can offer a good effectiveness of isolation for the low excitation frequencies. Especially, this result indicates that the suspension system having quasi-zero stiffness at the static equilibrium position and lower slope of the stiffness curve is easier for preventing the kinetic energy from the base to the isolated object. 
